Several studies have identified copy number variants (CNVs) as responsible for cardiac diseases associated with sudden cardiac death (SCD), but very few exhaustive analyses in large cohorts of patients have been performed, and they have been generally focused on a specific SCD-related disease. The aim of the present study was to screen for CNVs the most prevalent genes associated with SCD in a large cohort of patients who suffered sudden unexplained death or had an inherited cardiac disease (cardiomyopathy or channelopathy). A total of 1765 European patients were analyzed with a homemade algorithm for the assessment of CNVs using high-throughput sequencing data. Thirty-six CNVs were identified (2%), and most of them appeared to have a pathogenic role. The frequency of CNVs among cases of sudden unexplained death, patients with a cardiomyopathy or a channelopathy was 1.4% (8/587), 2.3% (20/874), and 2.6% (8/304), respectively. Detection rates were particularly high for arrhythmogenic cardiomyopathy (5.1%), long QT syndrome (4.7%), and dilated cardiomyopathy (4.4%). As such large genomic rearrangements underlie a non-neglectable portion of cases, we consider that their analysis should be performed as part of the routine genetic testing of sudden unexpected death cases and patients with SCD-related diseases.
Introduction
More than four million people around the world die every year because of sudden cardiac death (SCD). The most common cause of SCD in adults is coronary heart disease, but arrhythmogenic cardiac diseases are the leading cause in population younger than 35 years old. In this latter group, most SCDs are due to cardiomyopathies-mainly hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), arrhythmogenic cardiomyopathy (AC), and left ventricular non-compaction (LVNC), or due to electrical abnormalities without structural heart defects, commonly known as channelopathies-predominantly long QT syndrome (LQTS), short QT syndrome (SQTS), catecholaminergic polymorphic ventricular tachycardia (CPVT), and Brugada syndrome (BrS) [1] . Despite the improvements in genetic diagnosis, closely linked to the development of high-throughput sequencing (HTS) technology, the percentage of cases that remain unexplained after genetic screening is still high, ranging from 20% to 80% depending on the disease [2] . Causality in unresolved cases may be explained by variants in as of yet non-associated genes, regulatory regions, splice sites, epigenetic alterations, or structural variants (not detectable by traditional Sanger sequencing). In the last 10 years, scientists have identified abundant and ubiquitous structural variants in the human genome, both in normal population and in disease groups. Among them stand out copy number variants (CNVs), which have been traditionally defined as DNA segments larger than one kilobase (kb) that present variable copy number in comparison with a reference genome. In the last years, several authors consider a CNV any imbalance larger than 50 base pairs [3] (bp) (this latter criterion is the one followed in the present work). Evidence supporting a role of CNVs in SCD-related pathologies has been reported, but robust studies with large cohorts of patients and multiple genes being screened have only been performed for specific SCD-related diseases [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The lack of information on prevalence of CNVs in SCD and related diseases encouraged our group to shed some light on this topic. We have analyzed CNVs in the most prevalent genes associated with SCD in a large cohort of patients diagnosed with a cardiomyopathy or a channelopathy, and patients who died suddenly with a suspected arrhythmogenic cause of death (sudden unexplained death, SUD).
Materials and methods

Patients
Our cohort includes 1765 unrelated European patients, and is divided in three subgroups: (a) 587 post-mortem blood samples from SUD patients (23 of them were cases of sudden infant death syndrome (SIDS)) (all cases were aged <50 y.o. and had a non-conclusive cause of death after a complete autopsy, including toxicological analyses and macroscopic and microscopic analysis of the heart); (b) 874 patients clinically diagnosed with a cardiomyopathy: 591 HCM, 136 DCM, 118 AC, and 29 LVNC; and (c) 304 patients diagnosed with a channelopathy: 151 BrS, 127 LQTS, 7 SQTS, and 19 CPVT (Fig. 1a) . Samples were referred from 11 hospitals from Spain and from Institute of Legal Medicine of Catalonia. The study was approved by the Ethics Committee of Hospital Universitari Dr. Josep Trueta (Girona, Spain) and conforms to the principles outlined in the Declaration of Helsinki. 
Custom sequencing panel design and library preparation
Two custom sequencing panels, which included the coding regions and intronic boundaries of 55 or 78 genes associated with SCD, were used. The genes screened in each panel and the reference isoforms analyzed are listed in Table 1 . Coordinates of sequence data were based on UCSC human genome version GRCh37/hg19. The 55-gene panel, which included the UTR (Untranslated Region) sequences for some genes, covered 432,512 kb of the human genome and was used for the screening of 701 patients. The 78-gene panel did not include UTR regions, covered 410,308 kb and was used for 1064 patients. A biotinylated complementary RNA probe solution was used to capture the regions of interest (Agilent Technologies, Santa Clara, CA, USA). Probes were designed and optimized by Gendiag.exe SL. Both custom enrichment gene designs are commercialized by Ferrer inCode as SudD inCode®.
For library preparation, genomic DNA was extracted with Chemagic Magnetic Separation Module I (PerkinElmer, Waltham, MA, USA) from post-mortem or fresh whole blood samples. DNA was fragmented with Bioruptor® (Diagenode, Seraing, Belgium) and libraries were prepared following the SureSelect XT Target Enrichment System for Illumina Paired-End Sequencing Library protocol (Agilent Technologies). Indexed libraries were sequenced in 10-sample pools per cartridge. Paired-end sequencing process was performed on a MiSeq platform (Illumina, San Diego, CA, USA), with a read length of 2 × 76 bp.
Detection of genetic variants
For the analysis of single-nucleotide variants (SNVs) and small insertions or deletions (indels), an algorithm developed by Gendiag.exe SL was used. The algorithm follows four analytic steps: (i) adaptors and low quality bases trimming; (ii) mapping with Burrows-Wheeler AlignerMaximum Exact Match; (iii) SNV and indel detection with SAMtools v.1.2, together with an ad hoc developed script -intronic positions up to 6 bp are interrogated; and (iv) SNVs and indels annotation with dbSNP, Exome Sequencing Project, 1000 Genomes, Exome Aggregation Consortium, Human Gene Mutation Database (HGMD), ClinVar, Ensembl and in home database IDs. Only nonsynonymous variants with a minor allele frequency <1% in general population were reported and confirmed by Sanger sequencing.
The CNV detection was performed with an ad hoc developed algorithm divided in seven major steps: (i) raw coverage extraction from BAM files (using BEDtools v2.23.0); (ii) quality metrics collection and coverage correlation between samples (correlation coefficients >0.97 were expected for comparable samples; those samples displaying a generalized dispersion were removed from analysis and, therefore, not included in the cohort); (iii) raw coverage normalization by library size and GC (guaninecytosine) content correction per region; (iv) log2-ratio calculation for every sample within each region of interest using a dynamic baseline built with normalized coverages derived from the other samples being analyzed; (v) copy number estimation: if the ratio fell outside a signal-to-noise window (±3 SD) and was greater or lower than the duplication or deletion cutoffs (0.45 and −0.8, respectively), a 
78-gene panel Genes included in the 55-gene panel (except SGCA and [19] . Regarding CNVs, a CNV was considered a variant that AF if: (a) it had been previously reported as pathogenic for patient's disease (or for SUD cases, if the reported disease is compatible with a structurally normal heart-this remark applies for all the following classifications); (b) it was a deletion in/of a gene where loss of function is a known mechanism of patient's disease; (c) it was an intragenic in tandem duplication (not involving the last exon of the gene) in a gene where loss of function is a known mechanism of disease; or (d) it was a whole gene duplication in a gene for which triplosensitivity is known to cause patient's disease. A CNV was considered a variant that PAF if: (a) it was a deletion in/of a gene associated with the observed disease or an intragenic duplication (not involving the last exon of the gene) in a gene associated with the disease, and the variant was absent from controls; or (b) the CNV cosegregated with the disease in >5 affected family members. A CNV was considered a variant that NAF if previously described as benign, and PNAF if: (a) identified in >10 individuals in general population (for whole gene deletions/duplications, cases of general population involving contiguous genes were considered for comparison), or (b) the CNV did not cosegregate with disease in the family. All remaining scenarios were classified as VUS. Exons involved in CNVs were numbered according to genomic reference sequences (NG_), detailed in Table 2 .
Statistical analysis
Comparisons between variables were performed using the chi-square test, with STATA/IC 13.1 for Windows. Twosided p-values < 0.05 were considered significant.
Results
Study cohort
For the 1765 patients of the cohort, the mean age at clinical diagnosis was of 39.8 ± 19.8 y.o. The majority of patients were males (68%), and their age at diagnosis was not significantly different from that of females.
Genetic screening
An exhaustive screening for SNVs and indels was carried out in the entire cohort. However, since the leading interest of the present work was to explore the frequency of CNVs in SCD and related pathologies, we only reported SNVs and indels present in those samples with CNVs (Table 2) . A total of 79 CNVs were identified in 78 out of the 1765 patients studied. Thirty-six of these variants were confirmed by MLPA or qPCR (in 36 different patients) ( Table 2 and Fig. 2) . The remaining 43 signals resulted to be false positives of the HTS methodology used (false discovery rate of 54.4%). Thus, the detection rate for large genomic imbalances in our cohort was 2%. The detected CNVs consisted of 18 deletions and 18 duplications, and were identified in the genes described in Table 2 (DECIPHER ID for each case is also specified in Table 2 ). All variants were heterozygous or hemizygous. According to our classification criteria, 14 CNVs were considered AF, 6 PAF, 14 VUS, and 2 PNAF. The majority of the CNVs identified involved several exons. The smallest CNV detected was a 104-bp deletion including exon 28 of ABCC9 gene (case S21), and the largest one was a 194-kb duplication involving >200 exons of TTN gene (case S28). It is important to specify that as we used targeted gene panels for the screening, no breakpoints could be defined for the detected CNVs, as most of them fell into intronic or intergenic regions excluded from the analysis. Consequently, the size of the detected CNVs could be larger than reported.
Among SUD cases, the frequency of patients with CNVs was 1.4% (8/587 patients) ( Table 3 and Fig. 1b) , 0.5% if we only consider variants that AF or PAF (1 and 2 CNVs, respectively). This cohort included 23 cases of SIDS, and 1 of them (4.3%) had a CNV, which was classified as VUS. Regarding cardiomyopathies, we detected a frequency of CNVs in our series of: 1.2% for HCM (7/591 patients; 4 AF and 3 PAF), 4.4% for DCM (6/136 patients; 3 AF, 2 VUS, and 1 PNAF), 5.1% for AC (6/118 patients; 2 AF, 3 PAF, and 1 VUS), and 3.4% for LVNC (1/29 patients; 1 VUS) (Fig. 1b) . The HCM subgroup includes 303 patients already published by our group [18] . In relation to channelopathies, the frequency for each disease in our series was: 4.7% for LQTS (6/127 patients; 4 AF, 1 PAF, and 1 VUS), 1.3% for BrS (2/151 patients; 2 VUS), 0% for SQTS (0/7 patients), and 0% for CPVT (0/19 patients) (Fig. 1b) .
Algorithm validation
Prior to the realization of the present work, a validation of the algorithm for the detection of CNVs was performed using a cohort of 108 full-screened cardiovascular disease patients. Among these patients, there were 16 carriers of CNVs (the remaining patients were negative for these structural variants). The CNV sizes of the validation set ranged from 1 to 15 exons, with minimal known sizes of 123 bp and 40.1 kb, respectively. The algorithm achieved a sensitivity of 100% and a specificity of 91%. The corresponding positive predicting value was 64% and, therefore, the false discovery rate was 36%. In order to compare our algorithm with other CNV detection softwares, the same validation cohort was analyzed with CONTRA v.2.0.8 [20] and CNVKIT v.0.8.6 [21] , for which effectiveness and reliability have been previously widely proved [22] . The best results were those achieved with our algorithm and CNVKIT, both in terms of accuracy (99.9%, whereas for CONTRA it was 99.6%) and sensitivity (100%, whereas for CONTRA it was 87.3%). Moreover, our algorithm gave superior precision in comparison with CNVKIT and CONTRA (85.9% versus 83.3% and 75%, respectively).
HTS panel performance
The average call rate achieved at 30× with the custom enrichment gene designs of 55 and 78 genes was 99.70% and 99.82%, respectively. The median percentage of reads overlapping our target regions was 48% for the first panel and 66% for the second one. The median coverage per sample was 870 and 679, respectively. If a region did not reach a minimum coverage of 30×, conventional Sanger sequencing was performed for that region.
Discussion
Several studies have identified CNVs as causative of cardiac diseases associated with SCD [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, exhaustive analysis of multiple genes in large cohorts of patients has never been performed for most SCD-related diseases. Motivated by this lack of information, in the present study we screened for CNVs the main genes associated with SCD using HTS technology in a large cohort of SUD cases and patients diagnosed with a cardiomyopathy or a channelopathy.
Among SUD cases, the frequency of patients with CNVs was 1.4%. These results cannot be compared with previously published studies, as the present work is the first screening for CNVs in a large series of SUD cases. There is 
AC arrhythmogenic cardiomyopathy, AF affects function, BrS Brugada syndrome, CPVT catecholaminergic polymorphic ventricular tachycardia, DCM dilated cardiomyopathy, HCM hypertrophic cardiomyopathy, LQTS long QT syndrome, LVNC left ventricular noncompaction, NAF does not affect function, PAF probably affects function, PNAF probably does not affect function, SIDS sudden infant death syndrome, SUD sudden unexplained death, VUS variant of unknown significance only one previous publication involving the screening for CNVs in SUD/SIDS cases [4] . The authors performed array-based comparative genomic hybridization in 27 cases of SIDS, and detected 3 CNVs. However, these CNVs were large (all of them >240 kb, involving several genes) and at least one could be associated with a syndromic phenotype. Regarding cardiomyopathies, we detected a frequency of CNVs in our series of: 1.2% for HCM, 4.4% for DCM, 5.1% for AC, and 3.4% for LVNC. Recently, CeyhanBirsoy et al. published a study of similar characteristics and reported the following frequencies: 0.56% for HCM, 0.6% for DCM, 1% for AC, and 1.9% for LVNC [17] . Lopes et al. also published in 2015 a comprehensive screening for CNVs in HCM patients, and reported a frequency of 0.8% [13] . Although detection rates seem to be higher in our cohort, differences are only statistically significant for DCM, which may be due to cohort characteristics. No further studies including a comprehensive screening for CNVs in large series of patients with cardiomyopathy have been performed, but there are several additional reports of CNVs in patients with DCM [5, 6, 9, 12,] , AC [15] , and HCM [18] .
In relation to channelopathies, the frequency of CNVs in our series was: 4.7% for LQTS, 1.3% for BrS, and 0% for SQTS and CPVT. Previously published series involving LQTS patients consist of the study of exclusively 2-5 genes (KCNQ1, KCNH2, KCNE1, KCNE2, and/or SCN5A), with a CNV detection rate of 2-11.5% [8, 10,] , which is compatible with our results. In our series, five out of the six CNVs detected in LQTS patients were detected in these five genes, and were considered variants that AF/PAF. Patient S3 was published in 2014 as a case report [10] . For BrS, only the work performed by our group including the screening for SCN5A and for some cases BrS-minor genes in BrS patients has been published (63 cases screened by HTS are included in the present study), and a single duplication in SCN5A was detected [16] . An intragenic deletion in SCN5A was also previously reported in a BrS patient [7] . For CPVT, several CNVs in RYR2 have been identified [11, 14,] , but other CPVT-related genes have never been screened for large genomic imbalances up to that time. On the other hand, studies involving the screening for CNVs in SQTS patients have never been previously published.
Accordingly, the CNV detection rate is variable for the different groups studied, ranging from 0% to 5.1% in our cohort. Although the knowledge of the role of CNVs in most SCD-related diseases is scarce, our results are compatible with those already published. As CNVs underlie a non-neglectable portion of cases, we consider that their analysis should be performed as part of the routine genetic testing of SUD cases and patients with SCD-related diseases. This especially applies for patients with cardiomyopathies and LQTS, as the CNV detection rate among these patients is particularly high. Further studies, mainly those focused in the poorly studied cardiac disease groups, will allow to improve the data on the prevalence of CNVs in these populations. Although large genomic imbalances have never been reported for some of the diseases included in the present work, CNVs may be the genetic cause for a portion of these patients. It is noteworthy that the identification of a disease-causing variant in a patient is crucial for diagnosis confirmation in borderline cases, early management of atrisk family members, and avoidance of unnecessary followup of non-carriers. Moreover, if genetic testing for SNVs and indels is performed using HTS technologies, the screening for CNVs requires no additional costs (apart from those associated with confirmation tests).
Interestingly, all the CNVs classified as variants that AF or PAF in our series were identified in patients without SNVs or indels considered responsible of the observed phenotype. Eight of these patients were sequenced with the 55-gene panel, whereas 12 with the 78-gene panel ( Table 2 ). This suggests that the non-identification of any variant that AF or PAF is not directly related to the panel used. However, for the patients screened with the 55-gene panel, we cannot exclude the presence of SNVs and/or indels classified as AF or PAF in the not-screened genes.
Regarding the characteristics of the detected CNVs, most of them were novel (Table 2) , which may be partly explained by the reduced number of studies focused on the screening of these genes and the low resolution of the techniques used for genotyping structural variants in 1000 Genomes project. On the other hand, seven recurrent CNVs have been identified in our cohort: deletion of exons 8 and 9 of KCNQ1, duplication of exons 8-10 of PKP2, deletion of exon 1 of PKP2, deletion of exons 21-23 of DSP, duplication of KCNE1 and KCNE2, deletion of exon 2 of PLN, and duplication of exons 2-11 of CASQ2 (Table 2 ). These recurrent CNVs may be the result of a founder effect or due to rearrangement flanking regions particularly rich in interspersed repeats, low complexity DNA sequences, or mobile genetic elements, which are genetic features that tend to generate genomic instability and promote the apparition of DNA rearrangements [23] .
Family segregation studies could be performed for patients S3 [10] and S18 [18] . Cosegregation with complete penetrance was observed in both cases (two and one affected family members, respectively). The relative of patient S18 harboring the deletion of MYBPC3 was also carrier of the variants TTN_c.77716C>T and NEBL_c.326T>C, but not the variant TTN_c.6163G>A.
For many diseases, HTS technology has been progressively incorporated into clinical diagnosis, but high quality analysis is required to ensure the reliability of the results. Our CNV detection method offers high reliability for the detection of such genomic rearrangements when using custom sequencing panels (sensitivity of 100%, specificity of 91% and positive predictive value of 64%). Compared with other widely used algorithms for detection of CNVs from HTS data (CONTRA [20] and CNVKIT [21] ), our algorithm is the one with higher accuracy, sensitivity, and precision altogether. In part, this is probably due to the capture probe optimization step during the HTS panel design. Our custom gene panel design and the optimized probe distribution (mainly in regions difficult to be properly sequenced) result in samples that exhibit both high coverage homogeneity across all captured regions and high median coverage per sample, despite being short read sequences obtained from a moderate capacity platform. With this sample quality, our CNV detection algorithm shows a high sensitivity with an assumable number of false positives, an imperative fact for its implementation in the routine of a genetic diagnosis laboratory. Moreover, the algorithm is able to detect single and multiple exon deletions/duplications. The detection of small single exon alterations is particularly important, as they tend to be discriminated in exome-sequencing detection assays [13, 24,] . In the present cohort, we had a false discovery rate of 54.4%. The reason for such high frequency of false positives was to avoid as much as possible false negatives, being aware of the limitations of short read sequencing and taking into account that samples were screened for diagnosis purposes. We selected some suspicious signals for validation even though the CNV detection algorithm gave them a low quality score. This resulted in an attempt to validate a set of signals (usually exons with extreme GC content and too far from other exons to detect breakpoints) that turned out to be false positives.
Finally, we believe that both interpretation and clinical translation of genetic data is the current challenge for geneticists as well as cardiologists. Current CNV interpretation guidelines are focused on the interpretation of large genomic rearrangements, generally involving multiple contiguous genes [25, 26,] . Detailed recommendations for the interpretation of intragenic CNVs do not exist, although they need special considerations. For example, duplications are generally considered to be less deleterious than deletions [25] , but an intragenic duplication may disrupt a gene in the same way a deletion does. In an attempt to help in the interpretation of such rearrangements, in the present work we describe several criteria for their classification. The mainstay is if loss-of-function of a particular gene is a known mechanism of patient's disease, which is also the stronger criterion for classifying variants as pathogenic according to the standards and guidelines for the interpretation of sequence variants [19] . If this is the case, any deletion or tandem duplication (not involving the last exon of the gene) within this gene should be considered to affect its normal function, as it will disrupt gene function by leading to a complete absence of the gene product by lack of transcription or nonsense-mediated decay of the altered transcript [19] (if a tandem duplication involves the last exon of a gene, this gene may have normal expression). This statement concerns exclusively confirmed tandem duplications, but it has to be noticed that the 83% of the duplications are tandem duplications in direct orientation [27] . On the other hand, it is important to remember the importance of having family members of patients with CNVs for its proper classification. Cosegregation of a CNV with disease in multiple affected family members supports that the variant affects the normal function of a gene and no cosegregation supports benignity, thus reducing the proportion of VUS. It is also worth mentioning that a portion of the CNVs considered VUS in our cohort because the altered gene had not been previously related to the patient's disease could be in fact variants that AF or PAF, because it is widely known that the same gene (and even the same genetic variant) can be associated with different SCDrelated diseases [28] .
In summary, we report the frequency of CNVs in SUD cases and patients diagnosed with a cardiomyopathy or a channelopathy, and interpret the results for its translation into clinics. Although CNVs only explain a small portion of cases for most SCD-related diseases, we support the screening for such rearrangements as part of routine clinical testing with the ultimate aim of identifying the cause of the patient's disease and providing an appropriate clinical assessment, genetic counseling, and preventive measures for patients and their relatives.
